À ) is ubiquitous in the environment and inhibits the thyroid's uptake of iodide. Food and tap water are likely sources of environmental exposure to perchlorate. The aim of this study was to identify significant dietary sources of perchlorate using perchlorate measured in urine as an exposure indicator. Sample-weighted, age-stratified linear regression models of National Health and Nutrition Examination Survey (NHANES) 2001-2008 data (n ¼ 16,955 participants) characterized the association between urinary perchlorate and the mass consumed in USDA food groups, controlling for urinary creatinine and other potential confounders. Separate models of NHANES 2005-2006 data (n ¼ 2841) evaluated the association between urinary perchlorate and perchlorate consumed via residential tap water. Consumption of milk products was associated with statistically significant contributions to urinary perchlorate across all age strata: 2.93 ng ClO 4 À /ml per kg consumed for children (6-11 years-old (YO)); 1.54 ng ClO 4 À /ml per kg for adolescents (12-19 YO); and 0.69 ng ClO 4 À /ml per kg for adults (20-84 YO). Vegetables were a significant contributor for adolescents and adults, whereas fruits and eggs contributed significantly only for adults. Dark-green leafy vegetables contributed the most among all age strata: 30.83 ng ClO 4 À /ml per kg for adults. Fats, oils, and salad dressings were significant contributors only for children. Three food groups were negatively associated with urinary perchlorate: grain products for children; sugars, sweets, and beverages for adolescents; and home tap water for adults. In a separate model, however, perchlorate consumed via home tap water contributed significantly to adult urinary perchlorate: 2.11E-4 ng ClO 4 À /ml per ng perchlorate in tap water consumed. In a nationally representative sample of the United States 6-84 YO, diet and tap water contributed significantly to urinary perchlorate, with diet contributing substantially more than tap water.
INTRODUCTION

Perchlorate (ClO 4
À ) is an environmental toxicant of concern because of its ability to inhibit thyroid function by competing with iodide at the sodium-iodide symporter. 1 Disruption of hormone homeostasis can have far-reaching consequences, particularly during fetal and neonatal development. 2 At sufficiently high levels, perchlorate decreases thyroid hormone production; 3 it is not clear if the relatively low exposures in the US population significantly affect thyroid function. 4 Human exposure to perchlorate can be quantified through monitoring of urinary excretion because ingested perchlorate is not metabolized and is excreted predominantly through urine. 5 Perchlorate is an inorganic salt that occurs naturally in Chilean saltpeter, which has been imported into the United States as fertilizer since the late 1800s. 6 Perchlorate has also been found in potash produced in both the United States and Canada, as well as generally in arid regions of the United States. There is also evidence of perchlorate formation in natural atmospheric processes. 7 Perchlorate is also synthesized in large quantities (B10 Gg/year) for use as an oxidizing agent in solid propellants, munitions, airbags, road flares, and fireworks. 8 Owing to its ubiquity in the environment, the United States Environmental Protection Agency (US EPA) added perchlorate to the Drinking Water Contaminant Candidate List in 1998. 9 To determine the extent of contamination in drinking water, perchlorate was included in the 2001-2005 Unregulated Contaminant Monitoring Regulation 1 (UCMR1) program, which collected perchlorate measurements from 3865 public water supplies. 10 Of the public water systems sampled, 4.1% reported perchlorate levels above the detection limit (X4 mg/l) at one or more sampling points. These water systems were located in 26 states and two territories, serving approximately 11 million people. 11 In 2008, the US EPA issued an interim drinking water health advisory for perchlorate of 15 mg/l, 12 largely based on the reference dose (RfD) of 0.7 mg/kg/day. 13 The presence of perchlorate in the environment leads to contamination in certain types of foods. 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] The Food and Drug Administration (FDA) Total Diet Study in [2005] [2006] found perchlorate in numerous food groups: dairy products, fruits, and vegetables were identified as the primary sources of perchlorate exposure. 21 Other studies have also found perchlorate in fruits and vegetables 11, 16, 17, 19, [22] [23] [24] [25] 27, 31 and dairy products. 18, 26 Dietary supplements and flavor-enhancing agents can also contain perchlorate. 32 Perchlorate exposure from food and water was found to be widespread in the US population. 8, 33, 34 Murray et al. 21 estimated dietary perchlorate intake by multiplying perchlorate levels in food by age-appropriate food consumption rates; the estimated mean intake was below the RfD for all age groups, from infants to adults. 20 Another study reached the same conclusion by modeling aggregate perchlorate exposure based on food and tap water perchlorate levels. 20 Recently, Huber et al. 35 estimated total perchlorate dose attributable to tap water based on merging data from National Health and Nutrition Examination Survey (NHANES) and UCMR1; they found that among participants exposed to perchlorate from food and tap water, 23.7% of median perchlorate intake was attributable to tap water consumption. 35 Our study adds to this literature by characterizing the relative importance of perchlorate exposure from food and tap water for the US population based on dietary questionnaire data and urinary perchlorate levels from NHANES 2001 to 2008.
MATERIALS AND METHODS
Study Design
The National Center for Health Statistics (NCHS) of the Centers for Disease Control (CDC) has conducted NHANES since the early 1960s in order to assess the health and nutritional status of the United States through the collection of serial cross-sectional data. The surveyed population is a complex, multistage probability sample representative of the civilian, 
Statistical Analysis
NHANES is a complex survey where participants are obtained through a multistage sampling design that involves stratification, clustering, and oversampling of specific population subgroups. It is therefore necessary to account for this complex design in order to properly estimate variances of regression coefficients and to produce unbiased, nationally representative statistics. 36 Robust estimation may be accomplished through a generalized estimation equations approach incorporating Taylor series linearization and applying survey sample weights to each survey participant. We used this estimation approach as it was implemented in the CROSSTAB, DESCRIPT, and REGRESS subroutines of SUDAAN version 10.0.1 called from the SAS version 9.3 statistical software application. 37 , 38 We fit sample-weighted, age-stratified linear regression models to NHANES data from the 2001 to 2008 survey cycles (we designated these the ''food models'') and the 2005 to 2006 survey cycle (''drinking water models''). 39 The dependent variable for these models was perchlorate concentration in urine (ng/ml), but as urinary concentrations can be influenced by urine dilution, which can vary markedly throughout the day within each individual, statistical inference can be confounded. 40 Urine dilution can be accounted for by scaling urinary analyte concentration to the urinary concentration of creatinine, a compound excreted endogenously at a fairly constant rate and therefore resistant to urine dilution. For the regression models discussed in Tables 2-4 , we accomplished this by including urinary creatinine (g/l) as a model predictor. For the summary statistics in Table 1 , however, we report the urinary concentration ratio of perchlorate to creatinine (mg/g creatinine) for comparability to the existing literature. In addition, because the distribution of urinary perchlorate measurements were highly right-skewed, which would have adversely affected hypothesis testing, urinary perchlorate data were transformed with the natural log for the purpose of evaluating the statistical significance of regression slopes. The P-values for slopes from the ln-urinary perchlorate regression models are reported. To facilitate interpretability, however, we report slopes and their 95% confidence intervals estimated from regression models of un-transformed urinary perchlorate data. Statistical significance was set at ap 0.05, and marginal significance was set at 0.05o ap0.15. Primary interest was in the mass participants consumed within each US Department of Agriculture (USDA) food group for the 24-h period (midnight to midnight) preceding the dietary recall interview conducted in-person at the MEC. Data for this 24-h recall period are contained in the NHANES Individual Foods -First Day file, which provides a record describing each food, water, or beverage consumed by the subject, including the mass consumed and eight-digit USDA food code. Standardized hierarchical food groups can be identified from the USDA code, where the first digit represents one of nine major food groups, and each subsequent digit represents subgroups of increasing specificity. To prepare the data for analysis, we summed for each participant the mass consumed in each food group so that each participant was represented by a single record describing their dietary intake for the previous 24 h. Each participant's dietary intake was apportioned over the nine major USDA food groups: milk and milk products; meat, poultry, fish, and mixtures; eggs; legumes, nuts, and seeds; grain products; fruits; vegetables; fats, oils, and salad dressings; and sugars, sweets, and beverages. In addition, we distinguished a food subgroup -dark-green leafy vegetables -that has a strong propensity for concentrating perchlorate from the environment. 21, 22, 27 Dark-green leafy vegetables (USDA food code 721) is a constituent of the vegetables group (USDA food code 7), so for each participant, the mass consumed of dark-green leafy vegetables was subtracted from the mass consumed of the vegetables group to avoid double-counting. We distinguished another food subgroup of special interest as a route of perchlorate exposure: water (not bottled) consumed at home. This subgroup was identified when the food code equaled 940 and the subject answered ''yes'' to whether water (not bottled) was consumed at home. Water (not bottled) is a constituent of the sugars, sweets, and beverages group (USDA food code 9), so for each participant, the mass consumed at home of water (not bottled) was subtracted from the mass consumed of the sugars, sweets, and beverages group to avoid double-counting. Additional predictors representing potential confounders were included in the food models: sex, race, body mass index (BMI), poverty income ratio (PIR; ratio of self-reported family income to the US census poverty threshold), education, fasting time (time elapsed since subject last ate or drank anything other than water and the time of venipuncture), tobacco/nicotine use in the 5 days before the MEC examination, diet intake day (type of day when participant consumed food (weekday vs weekend)), and NHANES study cycle. Information for potential confounders was self-reported, except for BMI, which was measured during the physical examination, and urinary creatinine. Educational attainment for 20-84 YOs was based on self-report for the study participant, but for 6-19 YOs educational attainment was defined based on the highest degree attained among the household reference person and their spouse. The models were stratified by age: children 6-11 YO, adolescents 12-19 YO, and adults 20-84 YO. There were no age predictors in the children and adolescent models, but since the adult models encompassed a relatively broad age range, an age predictor was included with the categories 20-39 YO, 40-59 YO, and 60-84 YO. No predictor for tobacco/nicotine use was included in the 6-11 YO models because NHANES does not collect this information for this age group.
The NHANES 2005-2006 data include perchlorate concentrations in residential tap water for participants 12 YO and older. Multiplying these tap water concentrations by the self-reported amount of water (not bottled) consumed at home obtained from the 24-h recall dietary interview enables the drinking water models to quantify the influence of perchlorate ingested via home tap water on urinary perchlorate. In addition, the drinking water models rely on data from NHANES 2005 to 2006, which comprise a smaller sample size than the NHANES 2001 to 2008 data used for the food models. As the sample size was smaller, the drinking water models could not support as many predictors as the food models. Consequently, the drinking water models were constructed as parsimonious models that: (a) retain candidate predictors with P-valuesp0.10; and (b) include urinary creatinine, BMI, fasting time, and perchlorate ingested from residential drinking water as predictors, regardless of P-value. The candidate predictors for the drinking water models comprise the same predictors used in the food models, except that: (a) for race, only nonHispanic blacks are distinguished because this was the only racial group that had a statistically significant difference in urinary perchlorate in the NHANES 2005-2006 data; (b) as perchlorate ingested from home drinking water was already in the drinking water models, the water (not bottled) consumed at home food group was not included as a candidate predictor; and (c) NHANES cycle was not included as a candidate predictor.
To parameterize the variance estimation procedure described above, variables indicating the NHANES sampling stratum and primary sampling unit were used. In addition, the following sample weights for NHANES 36 For the 2005-2006 drinking water models, the sample weight WTSPC2YR was used for NHANES participants 12 YO and older with residential tap water perchlorate data.
Regression models require complete information on all dependent and predictor data for each subject, which were available for 16,955 of 21,648 participants (78.3%) in NHANES 2001-2008 data and 2841 of 3376 participants (84.2%) in NHANES 2005-2006 data. As participants with incomplete data were not part of the statistical models reported here, there may be bias in the model estimates related to the degree of non-randomness in the pattern of missing data. To ameliorate this potential bias, the original NHANES survey sample weights were adjusted for each age-stratified model using the WTADJUST subroutine of SUDAAN version 10.0.1, which treats those participants with complete information as a random subsample of all sampled units. The probability of a sampled subject being in this subsample was assumed to be a logistic function of covariates. The parameters of this logistic selection model were estimated implicitly by WTADJUST in computing the final analysis weights. As all models reported here used analysis weights adjusted in this manner, results may be considered statistically representative of the NHANES study population. 41 
Laboratory Methods
Spot urine specimens were collected at NHANES MECs, aliquotted, frozen, and shipped on dry ice to the CDC's National Center for Environmental Health. Urine samples were stored frozen ( À 70 1C) for 3-5 years. Previous experiments indicate that perchlorate levels are stable in urine samples stored for 45 years at À 70˚C. 33 Urinary perchlorate was analyzed using previously published methods with slight changes to sample volume used. 42 Briefly, 0.10 ml of urine was spiked with an internal standard solution (Cl 18 O 4 -), and subsequently analyzed using ion chromatographyelectrospray ionization-tandem mass spectrometry. Analyte quantification was based on the peak area ratio of the analyte to stable isotope-labeled standard. Two quality control sample pools, at different concentration levels, were analyzed with each batch of unknown samples. Calibration standards were analyzed at the beginning and at the end of each batch, and the composite of the two curves was used for quantification. Reported results met the accuracy and precision guidelines of the quality 14 During the analysis of 2005-2006 urinary perchlorate samples, we analyzed the two quality control urine pools multiple times (n ¼ 226) with an inter-day precision of 3.5% relative SD at 3.0 ± 0.11 mg/l and 3.4% relative SD at 65 ± 2.2 mg/l. We also verified absolute assay accuracy by blind analysis of ten proficiency testing solutions at four different concentrations (AccuStandard, New Haven, CT, USA) prepared in water. The overall accuracy of our method ranges from 96% to 107% (Supplementary Table S3 in Supplementary Information). Perchlorate contamination was assessed by lot screening all reagents and analyzing blanks with each batch of unknowns; no contamination problems were identified. Table 1 displays several demographic characteristics stratified by age, the sample-weighted medians, with 25th and 75th percentiles, and unweighted sample size for urinary perchlorate in the NHANES 2001-2008 data used in the food regression models. The statistical significance of differences in urinary perchlorate between levels of each demographic characteristic are evaluated in the food regression models, shown in Supplementary Table S1, which controls for the effect of all other variables in the regression model. Among adults 20-84 YO and adolescents 12-19 YO, being non-Hispanic black was associated with significantly lower urinary perchlorate compared with the reference group, non-Hispanic whites whereas among children 6-11 YO, being non-Hispanic black was associated with marginally significant (P-value ¼ 0.1044) lower urinary perchlorate. YO and children 6-11 YO, males had significantly higher urinary perchlorate than females. Among adults 20-84 YO, Mexican Americans had significantly higher urinary perchlorate than nonHispanic whites; and increasing age at 40-59 YO and 60-84 YO was associated with significantly increased urinary perchlorate compared with the reference group, 20-39 YO. Adolescents 12-19 YO who reported using tobacco or nicotine in the 5 days before the MEC examination had significantly lower urinary perchlorate than adolescents who did not use tobacco/nicotine. Adolescents 12-19 YO whose reported dietary intake was on a weekend day had significantly higher urinary perchlorate than those whose intake was on a weekday, whereas adults 20-84 YO had a marginally significant (P-value ¼ 0.0571) higher urinary perchlorate on weekends. Differences in either educational attainment or PIR were not statistically significant, although adults 20-84 YO with a PIRo1.00 had a marginally significant (P-value ¼ 0.0820) lower urinary perchlorate than the reference group with a PIRX1.00. Table 2 displays the slopes for the association of diet with urinary perchlorate estimated from the age-stratified, sample-weighted multiple regression food models of urinary perchlorate data in NHANES 2001-2008, as well as P-values from identical sampleweighted models except that the dependent variable was ln- Table 2 .
RESULTS
NHANES 2001-2008 Summary Statistics
NHANES 2001-2008 Food Models
transformed urinary perchlorate. The significance of potential categorical confounders was discussed in the previous section; the influence of the continuous predictor urinary creatinine was statistically significant and positive across all age strata; fasting time was statistically significant and negative across all age strata; and BMI was statistically significant and positive among adults 20-84 YO (Supplementary Table S1 ). Consumption of milk products was statistically significant across all age strata, and this association was greatest among children 6-11 YO compared with other age strata, with a slope of 2.93 ng/ml per kg food group consumed. It also appears that the influence of milk products consumption diminishes with age to 1.54 ng/ml per kg for adolescents 12-19 YO, then to 0.69 ng/ml per kg for adults 20-84 YO. In contrast, consumption of vegetables, while not significant for children 6-11 YO, was statistically significant among adolescents 12-19 YO and adults 20-84 YO: 2.11 and 2.62 ng/ml per kg, respectively. Moreover, for adolescents 12-19 YO, vegetables had the greatest significant influence on urinary perchlorate among all food groups. We segregated the consumption of dark-green leafy vegetables from the general vegetables food group because dark-green leafy vegetables concentrate environmental perchlorate. Dark-green leafy vegetables were not significantly associated with urinary perchlorate in children 6-11 YO and adolescents 12-19 YO. But, for adults 20-84 YO, dark-green leafy vegetables were significantly associated with urinary perchlorate at a rate of 30.83 ng/ml per kg, which was the greatest rate significantly associated with any food group across all age strata. Although only marginally significant, it is worth noting that dark-green leafy vegetables were also associated with large increases in urinary perchlorate of 49.75 ng/ml per kg among children 6-11 YO and 11.47 ng/ml per kg among adolescents 12-19 YO. Fruits were not significantly associated with urinary perchlorate in children 6-11 YO and marginally significant among adolescents 12-19 YO, but, fruits were statistically significant among adults 20-84 YO at a rate of 1.21 ng/ml per kg. Eggs were significantly associated with urinary perchlorate only for adults 20-84 YO, at a rate of 4.39 ng/ml per kg. Among children 6-11 YO, the association between the fats, oils, and salad dressings food group and urinary perchlorate was statistically significant at a rate of 19.02 ng/ml per kg.
Interestingly, three food groups were found to reduce the concentration of perchlorate in urine, perhaps by displacing higher perchlorate food items from the diet. Grain products were negatively associated with urinary perchlorate across all age strata, but were statistically significant only for children 6-11 YO, at a rate of À 1.19 ng/ml per kg. Sugars, sweets, and beverages was negatively associated with urinary perchlorate across all age strata, but only significant among adolescents 12-19 YO at a rate of À 0.33 ng/ml per kg, and marginally significant in adults 20-84 YO at a rate of À 0.13 ng/ml per kg. Water (not bottled) consumed at home was significantly associated with urinary perchlorate only for adults 20-84 YO at a negative rate of À 0.20 ng/ml per kg.
Perchlorate Exposure for the Median Diet
The sample-weighted median mass consumed in each food group can be computed by age stratum based on NHANES 2001-2008 data to create a nationally representative median dietary consumption profile. Then, for each food group, multiplying the median mass by the slope for urinary perchlorate estimated from the food models produces perchlorate exposure via the median diet for the United States. These dietary perchlorate exposure estimates are presented in Table 3 , where the shaded boxes indicate food groups significantly associated with urinary perchlorate in the food models reported in Table 2 . The net total dietary urinary perchlorate for each age stratum is also shown. Note that for several food groups, the median consumption is zero, because fewer than 50% of study participants consumed that food during the dietary questionnaire time frame (i.e., the 24-h period preceding the dietary recall interview conducted at the MEC).
The net total urinary perchlorate attributable to the United States median diet for children 6-11 YO is 0.60 ng/ml, which is the largest among all age strata. Milk products are the largest source of dietary perchlorate exposure at 0.90 ng/ml among children 6-11 YO eating the median diet. Grain products in the median diet reduced urinary perchlorate levels ( À 0.31 ng/ml) among children 6-11 YO. The median consumption of fats, oils, and salad dressings among children 6-11 YO is zero, which eliminates this food group as a source of perchlorate in the median diet. Urinary perchlorate among adolescents 12-19 YO consuming the median diet increased a net total of 0.06 ng/ml. Milk products are the greatest source of dietary perchlorate exposure at 0.33 ng/ml, which is more than double the amount attributable to the next highest dietary source in adolescents, vegetables, at 0.15 ng/ml. In contrast, sugars, sweets, and beverages was associated with decreased urinary perchlorate ( À 0.30 ng/ml) among adolescents 12-19 YO. Urinary perchlorate among adults 20-84 YO increased a net total of 0.17 ng/ml via the median diet. Vegetables contribute the most to median adult dietary perchlorate exposure at 0.34 ng/ml, which is several times the amount contributed either by fruits (0.06 ng/ml) or milk products (0.09 ng/ml). Abbreviations: CI, confidence interval; NB, not bottled; NHANES, National Health and Nutrition Examination Survey; Ref., reference group; YO, years-old. Adolescent drinking water model controls for urinary creatinine, being non-Hispanic black, body mass index, fasting time, and tobacco/nicotine in the last 5 days. Adult drinking water model controls for urinary creatinine, age (20-39 YO, 40-59 YO, and 60-84 YO), being non-Hispanic black, body mass index, fasting time, and tobacco/nicotine in the last 5 days. Slopes for USDA food groups are in units of ng perchlorate/ml per kg food reported consumed in the 24-h preceding the dietary recall interview conducted in-person at the NHANES Mobile Examination Center. Slope for perchlorate from water (NB) at home is in units of ng perchlorate/ml per ng perchlorate consumed from residential water (NB) at home. Complete tabulation of model slopes is in Supplementary Table  S2 of the Supplemental Material. Estimates corrected for urine volume by including urinary creatinine as a predictor in the drinking water models.
a P-values estimated from identical models where the dependent variable was ln-transformed urinary perchlorate. Hypothesis tests represent comparisons with a slope equal to zero.
The other three food groups significantly associated with urinary perchlorate in the adult food model -dark-green leafy vegetables, eggs, and water (not bottled) consumed at homedid not contribute at all in the median diet because their median mass consumed was zero. Table 4 displays the slopes for the association of perchlorate in drinking water and diet with urinary perchlorate estimated from parsimonious, sample-weighted, age-stratified models of NHANES 2005-2006 data, as well as P-values from identical models, but where the dependent variable was ln-transformed urinary perchlorate. For adolescents 12-19 YO, perchlorate ingested from participants' home tap water was not significantly associated with urinary perchlorate, controlling for urinary creatinine, being nonHispanic black, BMI, fasting time, and consuming tobacco/nicotine in the last 5 days. Dark-green leafy vegetables (63.73 mg/ml per kg) and milk products (1.56 mg/ml per kg), however, were significantly associated with urinary perchlorate. Among adults 20-84 YO, perchlorate ingested from home tap water (2.11E À 4 mg/ml per ng perchlorate consumed in home tap water) was significantly associated with urinary perchlorate, controlling for urinary creatinine, age, being non-Hispanic black, BMI, fasting time, and consuming tobacco/nicotine in the last 5 days. As with adolescents 12-19 YO, dark-green leafy vegetables (19.34 mg/ml per kg) and milk products (1.32 mg/ml per kg) were statistically significant contributors to urinary perchlorate.
NHANES 2005-2006 Drinking Water Models
DISCUSSION
The milk products food group was significantly associated with increased urinary perchlorate in the food models, which is consistent with studies of perchlorate exposure from dairy products. 18, 21, 43, 44 Perchlorate can bioaccumulate in milk because perchlorate absorbed from consumption of forage crops is actively transported during lactation by the sodium-iodide symporter present in the mammary gland. 17, 26, 30, [45] [46] [47] The adolescent and adult food models also show that consumption of vegetables and fruits were significant sources of perchlorate, which is consistent with earlier studies. 21, 22, 44 In addition, the contribution of dark-green leafy vegetables, which was significant in the adult food model, is well-supported by other studies. 11, 22, 27, 28 Although egg consumption was a significant predictor of increased urinary perchlorate on a unit mass basis in the adult food model, it did not contribute to perchlorate exposure in the median diet because the median mass consumed was zero (Table 3) , 21 likewise reported that perchlorate in eggs contributes minimally to average perchlorate intakes in the United States. Previous analysis of an NHANES data set found no significant association between egg consumption and urinary perchlorate. 14, 33 Grain products were negatively associated with urinary perchlorate in the children food model, but not in the adolescent and adult food models. These results may result from different grain consumption patterns in different age groups. Children are more likely to consume refined grain products that contain less perchlorate than do the whole grain products more typically consumed by adults, because perchlorate accumulates in the bran rather than the endosperm of the grain. 17, 24 In the adult food model, ingestion of the generic food category ''water (not bottled) consumed at home'' was significantly associated with a slight diminution in urinary perchlorate ( À 0.20 ng/ml per kg consumed), which is the second lowest absolute association with urinary perchlorate among the statistically significant and marginally significant slopes of the food models across all age strata. Conversely, the adult drinking water model found that perchlorate in home tap water was significantly associated with increased urinary perchlorate, but the magnitude of the association was also low (2.11E-4 mg/ml per ng consumed). Together, these results suggest that home tap water's influence on urinary perchlorate -whether positive or negative -is small compared with other dietary components whose influence in some instances is orders of magnitude greater. Our observation of tap water's minor effect on total perchlorate intake in the United States is consistent with previous estimates of perchlorate intake attributable to food and water. 20, 35, 48 Our results suggest that the influence of perchlorate from tap water is even lower than predicted in previous studies that estimated drinking water contributed 4-24% to the geometric means of perchlorate ingested through total dietary intake in adults. 35, 48 Many of the previous estimates of perchlorate exposure from drinking water were based on the UCMR1 study, which showed that only 4% of public water systems in the United States had perchlorate over the limit of detection of 4 mg/l. 10, 20, 35 The NHANES 2005-2006 data improve on these earlier studies because we used a more sensitive method (limit of detection ¼ 0.100 mg/l) to quantify perchlorate levels in tap water samples collected in each study participant's home 48 rather than estimates based on colocalization with water utility data. 20, 35 The food groups and the magnitudes of their contributions to urinary perchlorate levels vary markedly with age. Consumption of milk products was consistently and significantly associated with urinary perchlorate across all age strata, but its effect diminishes with age. In addition, the influence of vegetables and fruits, which were significant or marginally significant in the adolescent and adult food models, increased with age. These findings may be due to age-dependent variation in the types and amounts of food consumed. Although the USDA classification scheme standardizes references to the diverse cornucopia of food consumed throughout the United States, the composition of food in each category, which in some cases is broad, could vary considerably in perchlorate content. For example, environmental perchlorate varies regionally. In one study, residents of the Lower Colorado River region were shown to have a 70% higher mean perchlorate dose than the national sample comprising the NHANES 2001-2002 study population. 44 It is therefore possible that food harvested in one area of the country may have different perchlorate content than in another area, and if the food is locally consumed, populations would be expected to have geographically varying dietary perchlorate exposure. Moreover, the vegetables food group itself comprises subgroups with diverse plant physiologies, such as potatoes (tuber), tomatoes (fruit), and spinach (leaf). Participants who eat from the vegetables food group may eat varying proportions of vegetable subgroups, and these proportions may vary sufficiently with age to affect the statistical association of aggregate vegetable consumption with urinary perchlorate.
Perchlorate intake from a particular food depends both on the concentration of perchlorate in that food and the amount of that food consumed. Using the 1-day dietary recall data, we can estimate the most likely pattern of a population's food consumption. To explore the relative impact of different foods on perchlorate exposure, we calculated the median dietary perchlorate exposures shown in Table 3 . For children 6-11 YO, milk products were the leading source of urinary perchlorate in the median diet. Dairy has been demonstrated previously to be the predominant source of perchlorate exposure among children. 21 For adolescents 12-19 YO, milk products were the leading source of urinary perchlorate in the median diet (0.33 ng/ml), which is more than double the contribution to urinary perchlorate from vegetables (0.15 ng/ml), because for adolescents the median consumption of milk products was much larger than the median consumption of vegetables. As with children 6-11 YO, the exposure profile for adolescents 12-19 YO differs between the median diet and the unit mass basis indicated by the adolescent food model. Based on the median diet for adults 20-84 YO, vegetables were the leading source of urinary perchlorate (0.34 ng/ml), which was more than five times the contribution from the next highest food group -fruits (0.06 ng/ml) -and more than triple the contribution from milk products (0.09 ng/ml). For adults, adolescents, and children, the different rankings in the importance of food groups between the food models (Table 2) and the median diet (Table 3) is attributable to differences in median consumption rates for those food groups. We subsequently compared the relative importance of different food groups as listed in Table 3 with results from FDA's Total Diet Study, which calculated perchlorate exposure based on measured levels of perchlorate in different foods and typical consumption rates for those foods. 21 Notably, our study and Murray et al. (2008) found the same primary and secondary food groups for each of the three age categories that we studied. This coherence of exposure estimates based on completely different approaches (urinary excretion vs food intake) corroborate our findings.
Non-Hispanic blacks had significantly lower urinary perchlorate than non-Hispanic whites among adolescents 12-19 YO and adults 20-84 YO (and marginally among children 6-11 YO), similar to previous study findings. 33 The significance of this diminution was observed in statistical models that controlled for potential confounders (Supplementary Table S1 ). Non-Hispanic blacks may tend to consume different subtypes of food groups that contain less perchlorate because of how the food is grown or prepared. Alternatively, Non-Hispanic blacks sampled for the study may disproportionately live in areas of low environmental perchlorate (e.g., southeastern US) compared with areas with higher environmental perchlorate contamination (e.g., southwestern US), and thus consume less perchlorate in locally grown foods. Further research is needed to elucidate differences in urinary perchlorate levels among race/ethnicities.
We evaluated the relative impact of different demographic and dietary factors on urinary perchlorate levels while including urinary creatinine concentration as a model predictor in all our models. Using urinary creatinine in this way serves the important purpose of accounting for varying rates of fluid consumption and excretion, as well as varying duration of when the urine specimen accumulated before micturition. 49, 50 A potential disadvantage of this approach is that certain demographic characteristicsparticularly sex, age, and race -are associated with differences in urinary creatinine levels, 40 independent of perchlorate, and which might have confounded our results. To address this problem, we also included demographic characteristics as predictors in our statistical models of the effect of food and water consumption on urinary perchlorate.
The use of single spot urine samples to estimate perchlorate exposure can be imprecise because of variation in food consumption patterns, time of urine collection, and rapid elimination of the anion. However, a recent study showed that single spot urine samples do provide consistent results in categorizing an individual's exposure to perchlorate over a 6-month period. 51 The demonstration of associations between urinary perchlorate and consumption of certain food groups relies on data from 24-h dietary recall interviews, which presumes that all foods within a group are comparable, but as we have discussed above, each group may comprise foods that are diverse with respect to their potential for perchlorate uptake. Furthermore, the perchlorate content of the same food item may vary by orders of magnitude depending on where and when it is produced. 22 This introduces a degree of exposure misclassification that reduces the overall statistical power, and this reduction may be accentuated for food groups that comprise relatively small proportions of the diet and small population subgroups. Similarly, recall data are less precise than objectively measuring, say, the amount of perchlorate consumed via each food group, as was done for perchlorate in residential tap water in the drinking water models.
A distinct feature of NHANES is that it is conducted as a serial cross-sectional survey. As samples and information are collected within the same sampling cycle, a causative relationship between the dependent variable and the predictors cannot be concluded based on the models alone, but must be evaluated in context of other epidemiologic and toxicological evidence. 52 Our results implicate several food groups as significant contributors to perchlorate exposure, but which are nevertheless vital for maintaining a healthy and balanced diet, especially for children. 27 This is particularly true for milk products, vegetables, and fruits. The risk of perchlorate exposure to disrupt the thyroid hormone system notwithstanding, it would be premature at this time to discourage the consumption of these food groups in the general population.
CONCLUSION
In a sample representative of the civilian, non-institutionalized population of the United States observed 2001-2008, diet (milk products; vegetables; dark-green leafy vegetables; fruits; eggs; fats, oils, and salad dressings; and home tap water) contributed significantly on a unit mass basis to perchlorate exposure. Different combinations of food groups contributed to perchlorate exposure with differing magnitudes at different ages, which was attributable in part to age-dependent trends in dietary composition. In addition, perchlorate ingested specifically through tap water from participants' own homes contributed significantly to urinary perchlorate in adults 20-84 YO, albeit at a lower magnitude than foods.
